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Abstract 
When the economical feasibility of any wind farm project is carried out, the power curve of the candidate wind 
turbine is used for estimating the Annual Energy Output (AEO). Next, the AEO is used for estimating the levelized 
production cost (LPC), which is a key parameter used for estimating the Internal Rate of Return (IRR) of the project, 
which is one of the main indicators used by the investors. Therefore, any error or uncertainty introduced in the 
estimation of the AEO will affect the value of the estimated IRR. Once that the project is built this error could be 
responsible of the economic failure of the project to a greater or lesser extent. 
In this paper it is addressed a sensibility analysis of the error on AEO estimations that could be generated by using a 
power curve obtained with a trading power curve of a wind turbine, as well as the effect on the estimation of the 
LPC.. 
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1. Introduction 
To limit fatigue damage and prevent structural damage to the wind turbines, they stop their operation 
when the average wind speed U exceeds a certain value [1] and they resume their operation when the 
wind speed decreases. However, some wind turbines stop their operation not when the wind speed reaches 
an average value, but when it reaches a gust of wind.  This way we can say that to avoid such damage, a 
wind turbine switches off to a cut-out wind speed U2 and reconnects at a wind speed U1. The values U1 
and U2 are specific to each wind turbine as well as the management of criteria of the cut-out wind speed of 
the wind turbine, either average, gust of wind or both. 
The values U1 and U2 are not equal. If the wind turbine resumes its operation at the same speed (U1  = 
U2), the wind turbine would suffer unnecessary wear on the effect of stopping and resuming continuously 
its operation [1]. This wear would lead, no doubt, to a higher wind turbine maintenance cost, plus the 
inevitable fatigue damage. 
Given that U1 < U2, always has a loss of power due to the time in which the wind turbine remains out 
of operation. In this range of wind speeds when the wind turbine remains without operation because it 
reached its cut-out wind speed U2 and it restarts its operation to a wind speed U1, it’s when a cut-out 
hysteresis occurs. In this article an analysis of the behavior of a 2 MW wind turbine is performed to 
determine the loss of power that you have in this hysteresis loop. 
When performing the analysis of the economic feasibility of a wind project, the magnitude of the 
power loss mentioned, will invariably affect the estimated annual electricity output (AEO). Hence, the 
value of AEO is used to estimate the leveled cost of generation (LCG), which is a key parameter to 
estimate the internal rate of return (IRR) of the project, which in turn, is one of the main indicators used 
by investors to make decisions. Therefore, any miscalculation or uncertainty introduced in the estimation 
of AEO will affect the estimation of IRR. 
Once the project is built the miscalculation in estimating the AEO could be responsible for the 
economic failure of the project, to a greater or lesser extent. 
 
2. Preliminary Considerations 
To estimate the AEO of the wind project in question, the power curve of the wind turbines candidates 
is used. The power curve of a wind turbine is obtained in a test center for wind turbines under wind free 
conditions and in accordance with the international standard IEC 61400-12 [2]. 
To obtain the power curve of a wind turbine, this standard states that two databases should be 
generated. A database (called database A) containing all the data - including the effects that occur in the 
hysteresis loop near the cut-out wind speed of the wind turbine and that it is just when it ceases to 
produce energy (when reaching U2) and then it reconnects (when reaching U1) -, and the database B 
excludes data (between U1 and U2) and it only discards the values when the wind turbine has stopped 
because the cut-out wind speed was reached. 
Then, the standard states that databases (A and B) must be integrated which contain at least wind data 
from 1 m/s below cut-in to 1.5 times the wind speed at 85% of the rated power of the wind turbine. For 
example, if the rated wind speed of the turbine is 15 or 16 m/s, it is sufficient to obtain the power curve of 
the wind turbine if wind speeds are reached of 19.1 or 20.4 m/s, respectively. 
Thus, it is seen that the standard IEC 61400-12 allows obtaining the power curve without reaching the 
cut-out wind speed during the test period, provided that the maximum wind speed in a 10 minute interval 
reaches at least 1.5 times the wind speed at 85 % of the rated power of the wind turbine. This is a 
dispensation aimed at allowing wind test centers and certification bodies, to obtain “express power 
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curves” and “express certifications”, which of course, are not reliable near the cut-out wind speed of the 
wind turbines. 
Now, the "method of bins" procedure should be applied to the databases to obtain a potency data for 
each speed range every 0.5 m/s. 
In this regard, the standard IEC 61400-12 [2] states that the database is considered complete when the 
following two criteria are met: each bin includes a minimum of 30 minutes of sampled data (at least 3 
logs of 10 minutes) and a minimum of 180 hours of sampled data. These criteria can lead to have even 
more uncertainty in the behavior of the wind turbine in the top of the power curve, since 3 data per sector 
are clearly not sufficient to evaluate such behavior. Similarly the standard IEC 61400-12 [2] allows that if 
you do not have the data for a bin because there is not enough power data, it can be obtained by linear 
interpolation always using two adjacent complete bins. 
In addition, the standard mentioned indicates that for wind speeds above 1.6 times the wind speed at 
85% of the rated power of the wind turbine, the measurement sector can be opened. This means that the 
manufacturer will indicate that the wind turbine will produce the rated power for all these speeds. This 
obviously does not reflect the reality. 
This is how you get a very smooth graph representing the power curve of the wind turbine for the 
database B. Fig. 2 shows the power curve of a wind turbine obtained with the database A and database B 
for a 2 MW wind turbine. Since the wind turbine stops producing while operating in its hysteresis loop 
(while the wind speed is coming down until it reaches its cut-in wind speed U1), it is clear that this curve 
does not have this idealized behavior, such as it appears in the power curve for the database A. 
 
 
Figure 1. Power curve of a wind turbine (for database A and B). 
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Because of marketing issues it is understandable that the graph of the power curve obtained with the 
database A for a wind turbine not to be presented to the customer, but at least the manufacturer should 
provide some information to get an idea of the percentage of loss that could be obtained when the wind 
turbine operates near its cut-out wind speed. 
In the wind energy market, the power curve that the wind turbine manufacturers provide to the public 
is the one obtained with Database B. In addition, these nice-looking power curves are included in the 
databases of wind industry leading software like WindFarmerTM, WindProTM, Windographer, and 
others, which claim to offer the most accurate computations for wind energy projects. What will 
undoubtedly lead to miscalculations in the estimation of the AEO. 
The error in the estimation of the AEO becomes higher as long as the annual average wind speed of 
the site approaches to the annual average wind speed of the corresponding Class of the project site, 
according to definitions in IEC 61400-1 [3]. 
Another factor that is not considered in the analysis of AEO is the fact that in the curve given by the 
manufacturers of wind turbines, they do not include the wind turbine’s own consumption, although it is 
not significant, it should be included when reducing the value of the AEO. These values occur before the 
cut-in wind speed and after cut-out wind speed. This consumption may not be insignificant in places 
where they have prolonged periods of calm (wind speeds less than the cut-in wind speed of the wind 
turbine). 
 
3. Power curves guaranteed 
Currently, to ensure the success of the project, the manufacturer can guarantee the client whether a 
power curve of the wind turbine (which of course is not the curve obtained with the database B) or a 
specific plant factor of the wind farm, among other things, therefore if the wind turbine fails to produce 
the expected energy, a penalty is paid to the client. While this increases the cost of the wind turbine, with 
the guarantee the success of the project can be ensured. 
This guarantee shows that the power curves of the wind turbines given by the manufacturers do not 
reflect the actual behavior of the wind turbine, which is precisely what is intended to expose and quantify 
in this article. 
 
4. Calculation of energy loss 
To calculate the power loss, the fraction of time μ (U1, U2) must first be determined in which the wind 
speed goes from U2 to U1 to rule out the contribution of the wind turbine for that time. So the time for 
which the wind speed changes from U1 to U2 has to be discarded, because at that time, the wind turbine 
does generate power. This fraction μ (U1, U2) can be determined by taking the database of wind speed that 
meets the condition U1  < U < U2, but only when the wind speed is down from U2 to U1. 
According to [1], the average power produced by the wind turbine can be calculated with the 
expression: 
                                   
ܹሺ ଵܷǡ ଶܷሻ ൌ ׬ ሺܷሻ݌ሺܷሻܷ݀௎భ଴ ൅ ሺͳ െ ߤሺ ଵܷǡ ଶܷሻሻ ׬ ܲሺܷሻ݌ሺܷሻܷ݀
௎మ
௎భ                      (1) 
 
knowing that P(U) is the power curve of the wind turbine in question and p(U) is the probability density 
function for the site, assuming it is in the same range of 0 to U1, U1 and U2. 
702   M.A. Borja and J. Lagunas /  Energy Procedia  57 ( 2014 )  698 – 705 
So the loss fraction q in the range of wind speeds between U1 to U2 can be estimated by the expression 
[1]: 
 
ݍሺ ଵܷǡ ܷଶሻ ൌ
ఓሺ௎భǡ௎మሻሻ ׬ ௉ሺ௎ሻ௣ሺ௨ሻௗ௎ೆమೆభ
׬ ௉ሺ௎ሻ௣ሺ௨ሻௗ௎ೆమబ
    (2) 
 
5.  Results 
A detailed analysis of the power loss in a wind turbine is difficult when considering the power curve 
with the database B (Fig. 1) because it does not include the losses in the hysteresis loop. However such 
curve will be assumed as valid and the power that is no longer generated in the loop will be estimated, 
when the wind turbine goes out of operation when the wind speed U2 is reached and it reconnects when 
the wind speed U1 is achieved. 
For the analysis of the loss in annual energy output, two different sensitivity analyzes were done. The 
first analysis was considering an average wind speed for the cut-out wind speed of the wind turbine and 
another considering a maximum wind speed. 
Table 1 presents the results of the loss in AEO considering an average wind speed for the cut-out wind 
speed of the wind turbine for different wind speeds. Table 1 shows that when the turbine restarts its 
operation for wind speeds of 24 and 23 m/s it will have a loss of only 0.12% and 0.38% respectively, 
while for wind speeds of 18 and 17 m/s for resuming operation of the wind turbine it will have losses of 
2.51 and 3.23%, respectively. 
Now, considering that the greater the difference between U2 and U1, the greater the power loss, as 
discussed previously, it is not convenient to restart the operation of the wind turbine at a wind speed U1 
near U2, because when the turbine reconnects it undergoes greater mechanical stresses and severe 
vibration that can, in the long run, lead to an increased wear of the same. This can be seen in the column 
that shows the number of times you took the wind turbine out of operation, which for an average wind 
speed of reconnection of 24 m/s, the wind turbine went out of operation 29 times, not for wind speeds 
between 17 and 19 m/s in which it only came out on 6 occasions. But with the difference that the wind 
turbine was out of operation only 0.16% of the time for an average wind speed of 24 m/s and 1.95% of 
the time for an average startup wind speed of 17 m/s. 
Table 1. Loss on AEO taking as output speed, the average speed in 10 minutes of 25 m/s. 
Average wind speed when the 
turbine restarts (m/s) AEO (MWh) Loss (%) 
Time out of 
operation (%) 
Number of times it 
went out of operation  
24 10059.9 0.12 0.16 29 
23 10033.6 0.38 0.31 18 
22 9995.6 0.75 0.53 9 
21 9966.2 1.05 0.70 8 
20 9938.9 1.32 0.85 7 
19 9879.6 1.91 1.19 6 
18 9818.9 2.51 1.54 6 
17 9746.6 3.23 1.95 6 
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If the restart wind speed of the wind turbine happens at a wind speed of 18 or 17 m/s, the loss on AEO 
of 2.51 and 3.23%, respectively, cannot be considered insignificant. Considering that we are talking about 
energy that will eventually be evaluated in an economic way and will reflect if the wind project was or 
not successful. 
A wind speed of 17 m/s to restart the operation of the wind turbine is not unrealistic because when the 
wind turbine is trying to reconnect to the network, it is subjected to excessive vibration which the sensors 
measure and prevent the restart of the wind turbine, given that one of the rotor blades or the entire rotor 
itself could be affected by such vibrations. 
Fig. 2 shows the percentages of loss of the AEO for different average wind speeds of the wind turbine 
operation restart when the wind turbine goes out of operation because it reached an average wind speed of 
25 m/s. 
 
 
 
Figure 2. Loss of AEO for different wind turbine reconnection speeds. 
 
It has been observed that certain wind turbines do not go out of operation when the average wind speed 
reaches a certain value, but they go out of operation when the wind speed reaches a maximum value in 10 
seconds and they restart their operation when the wind speed decreases to a value of wind speed. 
Table 2 shows the losses on the AEO considering the wind turbine goes out of operation when the 
wind speed reaches a value greater than 32 m/s in 10 seconds for different wind speeds of restarts of 
operation. 
As shown in Table 2, when the turbine restarts its operation for wind speeds of 27 and 26 m/s there are 
losses on the AEO of 2.04% and 2.52% with 21 and 17 times out of operation, respectively. However, 
there are losses of 8.44 and 9.29% on the AEO for operation restarting speeds of 18 and 17 m/s, 
respectively, with 12 times that the wind turbine went out of operation. As shown there is a greater loss 
on the AEO when the turbine reconnection is at low wind speeds. The loss has a considerable value as 
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expected. The AEO value is less than the estimate of the AEO taking the idealized power curve given by 
the wind turbine manufacturer. 
Furthermore, as shown in Fig. 2 the percentage of loss of the AEO is greater when the wind turbine 
goes out of operation when there is a maximum wind speed of 32 m/s in 10 seconds when the wind speed 
reaches an average of 25 m/s. 
This shows the importance of having wind turbine behavior information when it operates near its cut-
out wind speed. 
 
6. Conclusion 
This article shows the miscalculation that is obtained when the annual energy output (AEO) is 
estimated considering the trading power curve of a wind turbine and that can affect the economic success 
of the project. 
The miscalculation in the estimation of the AEO does not occur when the wind turbine operates at low 
average wind speeds, but it becomes higher as long as the annual average wind speed of the site 
approaches to the annual average wind speed of the corresponding Class of the project site. 
Undoubtedly the standard IEC 61400-12 contains detailed information that will guarantee the 
obtaining of the curve of power of a wind turbine. Without this international standard it could be hard to 
obtain the curve in the correct form. But, this article suggests that in order to have a greater certainty of 
the power generated by the wind turbine near its cut-out wind speed, this standard should be revised in 
aspects such as increasing (to more than 3) the number of records at wind speeds of higher the wind speed 
of the rated power of the wind turbine. In addition, that the tests include records of wind speed above the 
cut-out wind speed of the wind turbine. 
By decreasing the miscalculation in the estimation of the AEO in the wind power projects not only will 
it have a greater economic guarantee on its success, but the possibility of increasing successful wind 
farms in the world. 
Table 2. Loss on the AEO when the cut-out wind speed is with a maximum gust of 10 seconds, in this case a gust of 32 m/s. 
Average wind speed when the 
turbine restarts (m/s) AEO (MWh) Loss (%) 
Time out of 
operation (%) 
Number of times it 
went out of operation 
27 9866.6 2.04 1.27 21 
26 9818.2 2.52 1.54 17 
25 9764.9 3.04 1.85 14 
24 9697.2 3.72 2.23 14 
23 9658.6 4.10 2.45 13 
22 9620.6 4.48 2.67 13 
21 9575.2 4.93 2.93 13 
20 9422.4 6.45 3.80 12 
19 9366.6 7.00 4.12 12 
18 9221.5 8.44 4.95 12 
17 9135.8 9.29 5.45 12 
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